Background: Sudden cardiac death is the leading cause of on-duty death in United States firefighters. Accurately assessing cardiopulmonary capacity is critical to preventing, or reducing, cardiovascular events in this population.
Background
Every 23 seconds a fire in the United States requires the services of a career or volunteer fire department [1] . Sudden cardiac death is the most common cause of onduty death among firefighters and occurs at higher rates than those found in similar occupations, such as police and emergency medical services [2] .
A joint task force of the International Association of Firefighters (IAFF) and International Association of Fire Chiefs developed the Fire Service Joint Labor Management Wellness-Fitness Initiative (WFI) in 1997. Revisions in the 1999 and 2008 WFI recognize the firefighter as the "most important asset" in the fire service, and its intent is to improve firefighter function, onduty effectiveness, and overall quality of life, while reducing morbidity and mortality related to fire fighting [3] . A major component of the WFI is assessment of firefighters' cardiopulmonary capacity, with a stepmill test, sub-maximal, or a maximal exercise treadmill test. The WFI mandates that firefighters have a maximal exercise test at age 40 and every other year thereafter. The maximal exercise test is intended to measure peak VO 2 (measured as ml/kg -1 ·min -1 ), which is an objective, clinical measure that defines the limits of cardiopulmonary function. Peak VO 2 reflects an individual's ability to increase their heart rate and stroke volume, and redirect oxygenated blood to muscles for work on demand. Exercising at levels beyond which the cardiopulmonary system can adequately supply oxygen (commonly termed the anaerobic or ventilatory threshold, or VT) involves progressively greater degrees of oxygen-independent muscle metabolism, which is dramatically less efficient than aerobic metabolism, and can compromise cardiovascular function [4] .
Quantifying the energy demands of firefighting during fire suppression is difficult due to the inherent dangers of fire suppression tasks. Most efforts to define the arduous physical work demand requirements during firefighting have been focused on establishing the level of metabolic equivalents (METs) (1 MET ≈ 3.5 ml of O 2 /kg/min) using simulated tasks. A MET is a multiple of the resting metabolic rate and is commonly estimated using standardized equations [4] . 10 METs is roughly equivalent to jogging a 10-minute mile; 14 METs is similar to many extended competitive activities such as running or rowing competitively, or bicycle racing at a high level [5] . The estimated METs proposed for firefighting range from 9.6 [6] to 14 [7] (a peak VO 2 range of 33.6 ml/kg -1 min -1 ·to 49 ml/kg -1 ·min -1 ). Recent analysis of physical aptitude tests among firefighter recruits demonstrated that male recruits' average VO 2 requirement was 38.5 ml/kg -1 ·min -1 (11 METs) to complete a timed simulated firefighting assessment course [8] . Measurement of functional capacity in 23 firefighters suggested that a mean of 41.54 ml/kg -1 ·min -1 (11.9 METs) is required to complete standard fire suppression tasks while wearing personal protective equipment [9] .
Firefighting work demands can be extreme and accurate assessment of cardiopulmonary status, as well as detection and treatment of any underlying cardiovascular disease, is critical to insure firefighter fitness for duty and prevent on-duty cardiac events or death. The 1999 WFI sub-maximal exercise test was found to overestimate true peak VO 2 in individual firefighters [10] . Concern about overestimation led to a revised equation for estimating peak VO 2 from sub-maximal exercise treadmill tests in the 2008 WFI.
Materials and methods
Given that previous sub-maximal exercise test results in the WFI were shown to overestimate peak VO 2 , and that the WFI maximal exercise treadmill protocol has not been validated for accuracy in the literature, this study was undertaken to assess the validity of both the maximal and revised sub-maximal exercise treadmill peak VO 2 estimates in firefighters. Specifically, the present study tested the following comparisons: (a) estimated maximal heart rate (220 -age) to actual measured maximal heart rate; (b) WFI maximal exercise estimated peak VO 2 to directly measured peak VO 2 ; c) averaged pre-revision sub-maximal estimated peak VO 2 to revised sub-maximal estimated peak VO 2 ; and (d) directly measured peak VO 2 to revised WFI sub-maximal estimated peak VO 2 .
Study Setting and Participants
The study setting was a medium-sized suburban fire department in the eastern region of the San Francisco Bay Area in northern California. This department serves approximately 163,000 citizens and covers 46 square miles. All firefighters (N = 105) assigned to suppression duties were recruited, including firefighters, firefighter/ paramedics, firefighter/engineers, firefighter/captains and battalion chiefs. There were no women suppression firefighters in the department studied. This is consistent with national career firefighter statistics as women only represent approximately 4.5% of the fire service [11] . All testing took place during a five-week period between December 2008 and January 2009. Inclusion criteria for participation required that each participant had successfully completed a WFI examination within the previous nine months and achieved a minimum of 10 METs (peak VO 2 of 35 ml/kg/min), on either a sub-maximal (using the pre-2008 equation), or maximal exercise treadmill test. Exclusion criteria included injury, illness, or scheduling conflicts that precluded testing during the study period. The final study population consisted of 83 male career firefighters from all suppression ranks in this department.
The study was conducted with approval of the University of California San Francisco Committee on Human Research. Signed informed consents were obtained and all testing was conducted during on-duty hours with the approval of the department and union local.
Testing occurred at an occupational health clinic where previous WFI examinations for this fire department had been conducted. A physician board certified in internal medicine and occupational medicine, and a nurse practitioner experienced in exercise testing, performed all treadmills and direct VO 2 measurements. Participants arrived on the day of scheduled testing with their assigned duty crew, with gym clothes and running shoes appropriate for completing a maximal exercise test.
Measurements
Data collection consisted of medical record abstraction for demographics, cardiovascular risk factors and exercise test information. Demographic characteristics included age, rank, and years of fire service. Definitions of cardiovascular risk factors were obtained from the American Heart Association, Adult Treatment Panel III (ATP III), The Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation and Treatment of High Blood Pressure (JNC7), and the Centers for Disease Control and Prevention [12] [13] [14] [15] . All serum samples were analyzed at the same hospital-based certified laboratory (Centers for Medicare and Medicaid Services Clinical Laboratory Improvements Amendments (CLIA)). Cardiovascular risk factors of the participants are summarized in Table 1 .
Maximal Heart Rates
Maximal estimated heart rates were calculated as 220-age. Directly measured maximal heart rates were determined from the electrocardiogram at the point of volitional fatigue as determined by the firefighter and corroborated by the direct VO 2 assessment indicating that they had crossed the VT.
Maximal Exercise Treadmill with Direct Peak VO 2 Assessment
All 83 participants completed a maximal exercise test using the 2008 WFI Protocol with concurrent direct peak VO 2 measurements. Maximal exercise treadmill tests were considered complete when the firefighter indicated volitional fatigue (n = 83, see above), or if terminated by the testing physician due to concerns about cardiopulmonary distress (n = 0). The WFI protocol is a modified ramp protocol comprised of a 3-minute warmup period at 3 mph -0% grade, followed by fifteen 1-minute stages. Stage 1 begins at 4.5 mph and 0% grade, with the treadmill incline increasing 2% and speed increasing by 0.5 mph alternately in stages 2 through 15. The WFI maximal exercise treadmill estimates peak VO 2 based on the American College of Sports Medicine metabolic equation for running [16] .
Peak VO 2 was obtained using the Cardio Coach CO 2 ™ VO 2 Fitness Assessment System, Model 9001-RMR (Korr Medical Technologies, Salt Lake City, Utah). The Cardio Coach CO 2 ™ is an economical, portable metabolic testing device that is feasible for use in a clinic and has been previously validated for measurement of peak VO 2 levels [17, 18] . The Cardio Coach CO 2 TM is a dual gas analyzer (O 2 and CO 2 ) that automatically calibrates to standard temperature and pressure, dry at the beginning of each testing cycle. The Cardio Coach CO 2 ™ measures heart rate using the Polar T-31 heart monitor (Polar, Inc., Lake Success, NY). Heart rate and VO 2 (ml/kg -1 · min -1 ), VCO 2 (ml/kg -1 · min -1 ), VE/VO 2, VE/VCO 2 , VE in L/min, FeO 2 %, Fe CO 2 %, and respiratory exchange ratio are graphically reported every 15 seconds. The Cardio Coach CO 2 ™ uses the ventilatory equivalents method (Ve/VO 2 ) to detect VT (Korr Medical Technologies, 2009).
Revised Sub-maximal Exercise Treadmill Assessments
In the latter part of 2008, the WFI introduced a revised equation for estimating peak VO 2 : peak VO 2 = 56.981 + (1.242 × TT) -(0.805 × BMI), where TT is the test time required to achieve target heart rate, and BMI is Body Mass Index. The 2008 WFI calculates target sub-maximal heart rate (208 -(0.7 × age) × 0.85, whereas previous sub-maximal heart rates were based on (220-age) × 0.85 [3, 19] .
Of the 83 firefighters who volunteered for the maximal exercise treadmill tests and directly measured peak VO 2 , 63 subsequently completely their annually scheduled WFI examination, which included a sub-maximal exercise treadmill test, within the subsequent four to eight weeks. These subsequent WFI sub-maximal exercise treadmill tests, using the revised equation, took place under identical conditions as the study WFI maximal exercise treadmill tests but without the direct VO 2 measurement. The sub-maximal test uses the WFI treadmill protocol (see above) but terminates 15 seconds after the firefighter reaches their target heart rate.
Pre-revision Sub-maximal Exercise Treadmill Assessments
Prior to the 2008 WFI revision there was no published equation for the estimation of peak VO 2 from the submaximal exercise treadmill. The estimated peak VO 2 was determined by duration of the test and stage achieved [19] . Between one and seven historical submaximal test results were available for each of the 63 participants, and were averaged to create comparative historical variables.
Procedure
Participant's height, weight and resting blood pressure was measured. A resting electrocardiogram (ECG) was completed, using the Welch-Allyn Schiller AT-10 6-Channel electrocardiograph/treadmill (San Diego, California). Upon completion of the resting ECG the MasonLikar lead configuration was modified to accommodate the exercise treadmill [4] . The participant was then fitted with the appropriate 2-way non-rebreathable mask (Hans-Rudolph, Inc., Shawnee, Kansas). The mask completely covered the nose and mouth of the participant and was checked for air leaks to eliminate extraneous room air from affecting the interpretation of peak VO 2 . A standing electrocardiogram was obtained and the treadmill was initiated. At test termination the firefighter recovered in the supine position. Available data from the maximal exercise treadmills is detailed in Table 2 .
Statistical Analyses
Prior to all analysis all data were examined using stem and leaf plots and found to have normal distribution. Dependent t-tests were conducted on all 83 participants to test for differences between:
1) Estimated maximal heart rate (220 -age) and directly measured maximal heart rate.
2) WFI maximal exercise treadmill estimated peak VO 2 and directly measured peak VO 2 .
Additional dependent t-tests were conducted on the results of the 63 participants who subsequently performed a revised WFI sub-maximal exercise treadmill test for differences between: 1) Averaged pre-revision WFI sub-maximal exercise treadmill estimated peak VO 2 mean (converted to METs) to revised WFI sub-maximal exercise treadmill estimated peak VO 2 (converted to METs). 2) Directly measured peak VO 2 (converted to METs) to revised WFI sub-maximal exercise treadmill estimated peak VO 2 (converted to METs).
All dependent t-tests were two tailed, with α = 0.05 used for statistical significance. Statistical analyses were performed using SPSS Version 15.0 (SPSS, Inc., Chicago, Illinois).
Results
There were 105 active suppression male career firefighters eligible for participation in the study. Of those, five were new hires who had not completed a WFI examination. Six firefighters chose not to participate; of the 94 choosing to participate 11 could not be scheduled for maximal exercise tests due to injury, illness or scheduling conflicts resulting in an n = 83 for this study. The participants' ages ranged from 26 to 57 years with a mean of 41.1; 94% of the participants were Caucasian, and 6% were Hispanic or African-American. The years of firefighting ranged from 2 to 34 with a mean of 15.6.
Maximal Estimates and Measurements
The traditional maximal heart rate estimation (220 -age) was significantly higher than measured maximal heart rate (178.6 vs. 173.6 with a mean difference of 4.96 beats/min, p < 0.001, 95% CI: 3.03, 6.90). Estimated peak VO 2 was significantly higher than directly measured peak VO 2 (47.7 vs. 43.6, with a mean difference of 4.06 ml/kg/min, (1.16 METs) p < 0.001, 95% CI: 2.88, 5.23).
Sub-maximal Estimates and Measurements
Within four to eight weeks of the maximal exercise treadmill tests 63 participants completed a sub-maximal exercise treadmill test (using the revised 2008 WFI equation). Their average age was 40.19 years (± 6.9) and average years of firefighting was 14.4 (± 6.8). All firefighter suppression ranks were represented in this subgroup. The subsequent examination allowed for comparison of the revised sub-maximal exercise treadmill peak VO 2 estimate to an averaged pre-revision (comparative historical variable) sub-maximal exercise treadmill peak VO 2 estimate and the recently obtained directly measured peak VO 2 . For simplicity in reporting sub-maximal results all peak VO 2 results were converted to METs (peak VO 2 /3.5).
A statistically significant difference was found between pre-revision sub maximal exercise treadmill peak METs mean estimates and revised sub-maximal peak METs estimates (14.81 vs. 12.58, with a mean difference of 2.23 METs, p < 0.001, 95% CI: 1.86, 2.59) These findings support previous research determining that WFI submaximal peak METs estimates prior to the 2008 revision were overestimated [10] . Revised sub-maximal treadmill METs estimates did not differ from directly measured maximal exercise treadmill METs, indicating that the revised 2008 estimating equation is a reasonable estimate of METs (12.64 vs. 12.58 with a mean difference of .07 METs, p ≤ .76, 95% CI: -.39, .54) This represents additional validation of the accuracy of the new estimating equation [3] . All maximal and sub-maximal comparisons are summarized in Table 3 .
Discussion
Fire departments often struggle to determine fitness for duty for their members who return from an injury or illness, prepare to embark on wildland strike teams, heavy rescue missions, or for daily work assignments. There are ongoing efforts to define minimally acceptable and safe fitness levels; levels that should be informed by the energy requirements needed during a firefighter's tour of duty. Maximum directly measured METs for the firefighters in this study ranged from 7.5 to 19.9, indicating that some participants might have a difficult time meeting the demands of the job while others appear adequately fit. Four different methods of cardiopulmonary assessment are compared here: direct measurement of peak VO 2 , estimated peak VO 2 derived from a maximal exercise treadmill equation, historical average of prerevision estimated peak VO 2 sub-maximal exercise treadmills, and estimated peak VO 2 derived from the revised (2008) sub-maximal exercise treadmill equation. Directly measured peak VO 2 is the most objective and considered the "gold standard" of the four methods [4] .
The difference observed in maximum heart rate between directly measured maximum heart rate (while wearing a non-rebreathable mask), and a 220-age estimated maximum heart rate (part of the maximal exercise treadmill estimation equation) provides some explanation for the over-estimation. Estimated maximal heart rates were about 5 beats per minute higher than those measured during peak exercise. Heart rates are a method used on the fire ground to evaluate a firefighters' capability to re-enter the fire scene. Using target heart rates that exceed true maximums, or percentages of estimated maximum heart rates that are inaccurate, could result in dangerous duty assignments.
Assessment of direct peak VO 2 and maximal exercise treadmill results indicate that the equation utilized by the WFI maximal treadmill over-estimates peak VO 2 by an average of 4.06 ml/kg -1 ·min -1 , or approximately 1 MET. If a firefighter's fitness level is less than optimal, or if they have underlying cardiovascular disease, this overestimation could lead to on-duty clearances that could prove compromising.
Revised sub-maximal exercise treadmill peak VO2 estimates were compared to averaged pre-revision historical sub-maximal exercise peak VO 2 estimates. The average overestimation of the historical mean was approximately 2 METs. This finding supports the Mier and Gibson report (2004) that the pre-revision WFI sub-maximal treadmill equation overestimated peak VO 2 , and that those equation results should be used with caution for duty assignment decisions.
The comparison of directly measured peak VO 2 to the revised sub-maximal exercise treadmill peak VO 2 estimates (n = 63) found that there were no differences between the two assessment methods. When comparing revised WFI sub-maximal exercise treadmill peak VO 2 estimates to previous years of testing, or to reports in the literature, careful consideration must be given to which estimation method was used. The same task, measured with different estimating equations, can result in different results as demonstrated herein.
Limitations and Strengths
The limitations of our study include the self-selection bias of the participants, the limited gender and ethnic demographics of the group (all male, predominantly Caucasian), and the range in number of historical submaximal exercise treadmill VO 2 estimates, resulting in a less than ideal comparison group. While testing was completed within a four month period, it included the winter holiday season which may have had a seasonal influence on fitness behavior (resulting in an increase or decrease in exercise intensity). The composition of the sample is reflective of the department in terms of gender and ethnicity. There is an average four to eight week gap between the direct measure peak VO 2 and the sub-maximal exercise treadmill peak VO 2 assessment without any documentation of fitness behaviors. However, any fitness improvement on the part of firefighters in the interim would have directed the results towards the null.
The strengths of our study include the number of participants, their range in age, rank, firefighting experience, and their experience with the WFI protocol. The availability of seven years historical data can be viewed as a strength. Use of the mask to measure peak VO 2 was familiar to the participants as they routinely work with self-contained breathing apparatus. The ability to perform all testing components while on duty encouraged participation. There were no incentives offered for participation. All testing was completed in the same facility using the same equipment and personnel, thus increasing consistency of testing and inter-rater reliability.
Clinical Implications
Firefighters who have been tested using earlier estimation equations may require careful explanation as to a noticeable drop in test results when using the revised 2008 WFI equation. Participants are likely to be disappointed to see a reduction in their "fitness level" when they have not changed their patterns, nor workout habits, between testing cycles. Again, if a fire fighter falls into the lower fitness categories, or has underlying cardiovascular disease, inaccurate estimates could contribute to cardiac compromise.
Conclusions
In order to protect firefighters from potentially lifethreatening cardiac situations it is imperative that exercise testing results are accurate, whether the test is being used for duty assignment or part of a comprehensive risk assessment. The results from the revised submaximal exercise treadmill estimation equation appear to accurately reflect directly measured peak VO 2 results. WFI maximal treadmill peak VO 2 estimates should be interpreted with caution, especially as they appear to over-estimate METs by an average of 1. Given the potential for over-estimation of fitness, providers who make fitness-for-duty assessments should consider the energy requirements of the job, any underlying cardiovascular risk factors, and the method of testing used when recommending return to, or continuation of, duties. These findings support the continuation and further expansion of reliable exercise testing of firefighters, within the context of a cardiovascular disease prevention program such as the WFI. Performing measured peak VO 2 and maximal exercise treadmill tests can be challenging for fire departments to accomplish due to limited resources. The 2008 WFI sub-maximal exercise treadmill test can be safely administered outside of a medical setting using tools that are often available within the fire department (treadmill, stopwatch, and Polar heart monitor). Disadvantages of the sub-maximal treadmill test are the limited means for assessing underlying cardiovascular conditions, and the inability to determine maximal cardiovascular performance directly. However, the revised 2008 sub-maximal treadmill peak VO 2 estimation equation is a valid tool to assess interim progress in cardiovascular training programs.
